Abstract-Atomic Layer Deposition (ALD) was used to grow single-crystalline epitaxial layers of high-k dielectric oxides on semiconductors with remarkably few defects or traps at the interfaces. La 2 O 3 on GaAs(111) produced record-breaking transistors with both n-and p-channels, and CMOS circuits entirely in GaAs, including inverters, logic circuits and 5-stage ring oscillators. More conventionally oriented GaAs(100) substrates with etched (111) slopes also produced working transistors. ALD also grew single-crystalline epitaxial La 2 O 3 films on Ge(111), and (Ca,Mg)O films on GaN(0001) substrates with highquality epitaxial interfaces. These processes can be run in commercial ALD reactors using precursors produced by the Dow Chemical Company.
I. INTRODUCTION
Compound semiconductors, such as GaAs, GaN and SiC, outperform silicon in devices used for high power and/or high frequency. They have the material advantages of higher band gaps, higher n-type mobilities and higher breakdown fields than Si. However, they suffer one major disadvantage with respect to silicon. The interface between silicon and its oxide, SiO 2 , has a remarkably low density of traps, typically < 10 11 cm -2 . In contrast to Si, compound semiconductors have many electronic defects and traps at their interfaces with oxide insulators, typically > 10 13 cm -2 . As a result, their devices are usually made without a good insulator, so they suffer from high gate leakage currents. Thus their performance lags well behind what they could achieve if there were a high-quality insulator that could be used to form high-performance MOS devices. Because MOS transistors on compound semiconductors perform so poorly, these compound semiconductor devices have much higher gate leakage and/or operate in inefficient depletion modes.
II. EPITAXIAL La 2 O 3 ON GaAs
By a lucky accident of nature, the cubic form of lanthanum oxide has a lattice constant that is 2.0008 times as large as that of GaAs. Thus we have been able to grow quite perfect epitaxial films of La 2 O 3 on the (111) surface of GaAs, as shown in Fig. 1 , in which one unit cell of La 2 O 3 covers 2 unit cells of GaAs with a lattice mismatch of only 0.04%. Even this small mismatch can be eliminated by co-depositing a small percentage of yttrium oxide, Y 2 O 3 , since Y ions are somewhat smaller than La ions. High-resolution X-ray diffraction confirms that this epitaxial fit extends over macroscopic areas of the interface. These La 2 O 3 layers were deposited by ALD from water and tris(N,N'-diisopropylformamidinato)lanthanum, which is the same lanthanum source used in the semiconductor industry to tune the threshold voltage of silicon transistors. The ALD process takes place at temperatures around 300 o C, which is low enough to avoid arsenic loss. 2 The presence of the La 2 O 3 stabilizes the GaAs so that anneals at over 800 o C can be used to optimize the electrical properties or the structure.
Similar single-crystal epitaxial La 2 O 3 films can be deposited on germanium (111) surfaces.
The interfacial trap density of the La 2 O 3 -GaAs interfaces were characterized by C-V curves taken at temperatures from 25 o C up to 150 o C. Analyses of these data show that the trap density near the conduction band is reduced to near 10 11 cm -2 , and remains below 4 x 10 11 cm -2 over the whole range measured down to mid-gap. GaAs with oxide-insulated p-channels made previously do not function at all. We succeeded in making functional GaAs pMOSFETs with peak effective hole mobility ~ 180 cm 2 /Vs. CMOS circuits combining these GaAs n-and p-type channels formed inverters, NAND and NOR logic gates and 5-stage ring oscillators. 3 ALD La 2 O 3 grown on the more commonly-used GaAs(100) surface has so far proved to be partially-oriented polycrystals, rather than epitaxial single crystals. Wet etching of GaAs(100) as used to create facets of GaAs(111) on which epitaxial La 2 O 3 was achieved, as shown in Fig. 3 . Device parameters of the wave-channel devices do not quite reach the high values obtained for planar GaAs(111) devices, probably because of defects remaining near the rounded peaks.
III. EPITAXIAL (Mg,Ca)O ON GaN
Suitable compositions of mixed magnesium calcium oxide are known to form epitaxially on GaN(0001) surfaces [ref] . However, damage to the GaN surface during the previouslyused PVD processes created many traps at the oxide-GaN interface. These defects prevented these structures from showing promising C-V curves or useful transistor properties.
ALD of (Mg,Ca)O has now been achieved from water and the precursors bis(N,N'-di-sec-butylacetamidinato)magnesium and bis(N,N'-diisopropylformamidinato)calcium. The ALD process runs at temperatures around 300 o C, resulting in an epitaxial film shown in Fig. 4 . GaN transistors with this structure are currently being prepared.
